Introduction {#sec1}
============

Photothermal therapy (PTT) is an attractive approach to treat various tumors.^[@ref1]−[@ref4]^ Photothermal conversion agents (PCAs) absorb and convert light into heat, resulting in rapid and local ablation of cancerous cells. Near-infrared (NIR, 650--900 nm) light is generally utilized to achieve deep tissue penetration as well as to minimize the heating of nontarget tissues.^[@ref4]^ Many types of PCAs, including organic compounds^[@ref5]−[@ref7]^ and inorganic materials,^[@ref2],[@ref8]^ have been developed for PTT applications. Organic PCAs such as indocyanine green have shown promising photothermal features and good biocompatibilities. However, these materials often suffer from photobleaching and low photothermal conversion efficiency. On the other hand, inorganic PCAs such as carbon nanotubes (CNTs),^[@ref9]^ graphene,^[@ref10]^ gold,^[@ref11]−[@ref13]^ and metal sulfides,^[@ref14],[@ref15]^ commonly show both good photothermal conversion and excellent photostability. One drawback associated with all of these inorganic PCAs is that they typically degrade very slowly in biological conditions. This feature has aroused concerns about safety and biocompatibility, especially since it may be accompanied by the accumulation of heavy metals from some metal sulfides. Therefore, the development of novel PCAs combining all desired positive features is highly needed.

Mesoporous silicon (PSi) has attracted considerable attention in drug delivery due to its good biocompatibility, high surface area, large pore volume, and controllable pore diameter.^[@ref16],[@ref17]^ Moreover, PSi is biodegradable and its surface chemistry can be easily tailored for further functionalizations. The application of PSi in PTT has been studied previously,^[@ref18],[@ref19]^ in which the PSi was prepared through electrochemical etching (ePSi). However, the photothermal conversion efficiency of ePSi was much lower than that of the commonly utilized PCAs like gold and carbon-based nanomaterials.^[@ref20],[@ref21]^ Either a very high sample concentration of PSi (\>0.7 mg/mL) or a high-power NIR laser was needed to achieve a therapeutic level of PTT.^[@ref17]^ Furthermore, the method to prepare ePSi was both expensive and unecological and in addition, the production yield of these ePSi nanoparticles was rather low (less than 30%) partly due to the corrosive nature of the electrochemical process that generates pores by dissolving silicon with a large amount of toxic hydrofluoric acid (HF). Some efforts have been made to prepare PSi in an affordable manner, e.g., through a magnesiothermic reduction process^[@ref22],[@ref23]^ and Na--K alloy reduction.^[@ref24]^ However, none of these reported PSi nanomaterials have had a sufficiently high photothermal efficiency that they could be applied in efficient PTT.

In the present study, a new type of black PSi (BPSi) nanoparticles was designed to be produced with a simple synthesis based on sodium silicide (NaSi). The synthesis method is inexpensive and it achieves a high yield. The prepared BPSi has a high surface area, good biodegradability, and an excellent photothermal conversion efficiency. BPSi is more efficient in converting NIR light (808 nm) into heat than the selected inorganic PCAs such as gold nanoparticles (diameter = 5.0 nm), Fe~3~O~4~ (diameter = 10 nm), and single-wall carbon nanotubes. The application of BPSi in PTT for cancer therapy is demonstrated in both in vitro cell experiments and in vivo animal trials.

Materials and Methods {#sec2}
=====================

Materials {#sec2.1}
---------

Sodium silicide (NaSi) and Si wafers (diameter 20 cm, p+ (100), 0.01--0.02 Ω cm) were provided by SiGNa Chemistry Inc. and Okmetic Inc., respectively. Ammonium bromide (NH~4~Br, 99%), sodium bromide (NaBr, 99%), toluene (anhydrous, 99.8%), (3-aminopropyl)triethoxysilane (APTES), isopropyl alcohol (IPA), and hydrochloric acid (HCl, 37%) were bought from Sigma-Aldrich. Phosphate buffer saline (PBS, pH = 7.4) was bought from VWR. Methoxy-poly(ethylene glycol) (PEG)-silane (0.5 kDa) and methoxy-PEG-silane (2 kDa) were bought from Fluorochem Ltd. and Laysan Bio Inc. separately. The CellTiter Glo cell luminescent viability assay was purchased from Promega. All reagents were used directly as received.

Preparation of BPSi and ePSi Nanoparticles {#sec2.2}
------------------------------------------

NaSi, ammonium salt, and NaBr (NaSi/NH~4~Br/NaBr of 1:4:4, w/w/w) were ground in a glovebox with an Ar atmosphere. The salt of NaBr is used since it achieves a better dispersion of NaSi and NH~4~Br. They were allowed to react in a tube oven under a N~2~ atmosphere at 240 °C for 5 h according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}After being cooled down to ambient temperature, the obtained microparticles were purified by rinsing with 0.5 M HCl and 1.0 M HF solutions separately. The microparticles were ball-milled in ethanol at 1000 rpm for 15 min, and the BPSi nanoparticles with desired diameter were collected via adjusting the centrifugation speed. The concentration of the nanoparticles in the suspension was determined by measuring the mass of the nanoparticles after drying a precisely measured volume of the nanoparticle suspension.

The ePSi nanoparticles were used as reference samples. They were prepared via ball-milling of ePSi films, which were produced through electrochemical HF-etching of Si wafer, as reported previously.^[@ref25]^

Dual-PEGylation of BPSi {#sec2.3}
-----------------------

The BPSi nanoparticles were oxidized to generate Si--OH groups to further functionalize the surface with PEG-silane, according to the method described previously.^[@ref25]^ Accordingly, two PEG-silanes with different lengths of carbon chains (0.5 and 2.0 kDa) were dissolved in toluene. The nanoparticles were mixed with the above solution and reacted at 110 °C under a N~2~ atmosphere for 1 day.^[@ref26]^ Finally, the nanoparticles were rinsed with ethanol three times to remove unreacted PEG-silanes on the surface. The BPSi nanoparticles with dual-PEGylation were denoted as DPEG-BPSi. Fresh DPEG-BPSi nanoparticles were used directly for physicochemical characterizations and in vitro tests. For in vivo experiments, the nanoparticles were lyophilized in 4% mannitol aqueous solution and stored at +4 °C.

Fluorescent Labeling {#sec2.4}
--------------------

Fifty milligrams of BPSi or DPEG-BPSi nanoparticles were reacted with 20 μL of APTES in 5 mL of IPA at 60 °C for 2 h. The amine-modified nanoparticles were washed with ethanol and then reacted with fluorescein isothiocyanate (FITC) in ethanol overnight at ambient temperature. Finally, the residual amine groups were passivated with succinic anhydride in dimethyl sulfoxide to convert the positive surface charge to negative charge, avoiding the nonspecific cell interaction with the positively charged amine surface.

Characterizations {#sec2.5}
-----------------

X-ray diffraction (XRD) was utilized to analyze the crystal structure of the prepared nanoparticles. The porous parameters of the nanoparticles were evaluated with N~2~ adsorption/desorption experiments (Tristar II 3020, Micromeritics) at 77 K. The specific surface area of samples was calculated using the multiple-point Brunauer--Emmett--Teller (BET) method, and the pore diameter distribution was analyzed according to the Barrett--Joyner--Halenda (BJH) theory. The hydrodynamic diameters of the nanoparticles were measured with Malvern Zetasizer Nano ZS utilizing the method of dynamic laser scattering (DLS). The morphology of the nanoparticles was measured with high-resolution transmission electron microscopy (HR-TEM) (JEOL JEM2100F). A few drops of sample dispersion were dried on 200 mesh copper grids with Formvar films for TEM analysis. The BPSi slices prepared from BPSi microparticles were imaged with TEM to see the porous structure. Prior to the image process, the BPSi samples were embedded with LX-112 resin polymer at 60 °C and the cast samples were cut with microtome (Leica EM UC7, Diatome diamond knife ultra 45°) in slices of ca. 70 nm thickness. PerkinElmer PHI 5400 was used for X-ray photoelectron spectroscopy (XPS) measurements. The photoemission spectra of Si 2p were collected with Mg Kα radiation (1253.6 eV). The fitting procedure was done using spectral analysis by Curve Fitting Macro package for Igor Pro. The impurity of sodium content in the samples was analyzed with an inductively coupled plasma mass spectrometer (ICP-MS) (Elan 6100, PerkinElmer). The dried nanoparticles were digested in a microwave dissolution oven with the following acids: nitric acid, hydrochloric acid, hydrofluoric acid, and boric acid.

Heating kinetics of various nanoparticle suspensions were tested under continuous IR laser radiation (PL-808-1000, SKY Laser). One milliliter of suspension was placed into DLS cuvettes and irradiated with 808 nm laser wavelength (1.0 W power). The temperature change of the suspension was monitored with the thermocouple (type K) immersed into the suspension. The evaluated nanoparticles were Au nanoparticles, Fe~3~O~4~, carbon nanotubes (CNTs), ePSi, and BPSi. The Au nanoparticles and CNTs were purchased from Sigma-Aldrich and Timesnano, respectively. The Fe~3~O~4~ nanoparticles were prepared according to the method published before.^[@ref27]^

Degradation tests of BPSi and DPEG-BPSi were carried out by incubating the nanoparticle in PBS (75 μg/mL) at 37 °C. At predetermined time points, 2.0 mL of samples were withdrawn and centrifuged to separate the NPs. The supernatants were analyzed with the ICP-MS to determine the concentration of the dissolved Si.

Cell Viability {#sec2.6}
--------------

CT 26 cells were cultured in Dulbecco's modified Eagle's medium (Sigma-Aldrich) and RPMI-1640 (Biowest) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 1% [l]{.smallcaps}-glutamine (Sigma-Aldrich), and 1% antibiotic cocktail (Antibiotic-Antimycotic Solution, Corning). The luminescence from CellTiter Glo (Promega Corp.) assay was measured for viability evaluation.

A total of 10^4^ cells per well in 100 μL of culture medium in a 96-well plate was allowed to attach for 20 h. Then, predetermined concentrations of BPSi or DPEG-BPSi nanoparticles in the culture medium were added. The cells were incubated with the nanoparticles for 4 h, after which the cells were washed three times with culture medium to remove free particles. Subsequently, they were incubated for 44 h prior to performing the viability assay.

Cell Uptake {#sec2.7}
-----------

CT 26 cells were cultured on the 8-well plate and incubated with 50 μg/mL FITC-labeled BPSi or DPEG-BPSi nanoparticles for 10 min, 1.0 h, 4.0 h, and 24 h. The cells were washed with PBS and cell medium three times separately. The cells were labeled with CellMask prior to fluorescence image.

In Vitro PTT for Ablation of Cancer Cells {#sec2.8}
-----------------------------------------

A specific setup was constructed to measure the temperature of the cell medium and to control the power of the laser ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The laser was mounted in a cell incubator (Sanyo MCO-19 AIC (UV)) vertically in such a way that the beam was directly irradiating the cells in one of the wells (96-well plate). The diameter of the laser beam was equal to the diameter of the well. An infrared sensor, connected to a microcontroller, was attached on the side of the laser, and this was directed to the well to read the temperature at a rate of 10 measurements per second. The microcontroller averaged five subsequent temperature reads from the sensor and sent the data to the computer twice every minute. The sensor was calibrated with a thermocouple thermometer. The data from the sensor was used to control the laser power by changing the electrical current from a power source (Agilent N5768A) through a homemade C\# program. The program received the temperatures and using proportional--integral--derivative controller calculated the electrical current to control the power source. This kind of control made it possible to heat the cell medium up to a certain temperature and maintain it at the desired level with high accuracy.

A total of 2 × 10^4^ cells per well (96-well plate) in 100 μL of culture medium were allowed to attach for 20 h. Then, the culture medium was replaced with 200 μL of culture medium containing predetermined concentrations of DPEG-BPSi nanoparticles. Subsequently, the cells were incubated with the nanoparticles for 1 h to equilibrate to the medium temperature of 37 °C in the incubator. Subsequently, the cells were irradiated with the IR laser for predetermined time intervals. After the laser treatment, the nanoparticles were removed by replacing the cell culture media with a fresh one and the incubation was continued for 12 h. Cell viability was examined with CellTiter Glo assay, and the apoptotic and necrotic cells were analyzed with flow cytometry using FAM FLICA Caspase-3/7 Kit (Immunochemistry Technologies LLC) to stain apoptotic cells and DRAQ7 (Abcam) to stain necrotic cells. The apoptotic and necrotic cells were measured to evaluate the mechanism of heat-induced cell death.

In Vivo Assessment of Antitumor Effect in Tumor Xenograft {#sec2.9}
---------------------------------------------------------

All animal experiments were approved by the Animal Experiment Administration Committee of the Fourth Military Medical University, China. Mouse colonic epithelial CT 26 cells (5 × 106 cells, total volume 0.1 mL) were injected into mice (Female BALB/C nude mice, 4--6 weeks) legs subcutaneously to establish tumors. When the diameters of the tumors were above 2.0 mm as measured by calipers, the mice-bearing tumor were randomly divided into six groups (five mice/group): saline control (0.1 mL), saline with irradiation (saline + laser), 0.5 mg/mL DPEG-BPSi (DPEG-BPSi-0.5), 1.0 mg/mL DPEG-BPSi (DPEG-BPSi-1.0), DPEG-BPSi-0.5 + laser, and DPEG-BPSi-1.0 + laser. The freeze-dried nanoparticles were washed with saline to remove any excess mannitol prior to animal test. The nanoparticles redispersed in saline solution were administered as an intratumoral injection. Every mouse in the groups of saline + laser, DPEG-BPSi-0.5 + laser, and DPEG-BPSi-1.0 + laser was treated with laser irradiation (808 nm, 1.0 W/cm^2^) for 10 min immediately after the injections. An infrared detector was used to determine the temperature of the heating regime. The whole observation was conducted to verify that the laser itself did not overheat and damage the skin of the animals. All animals were monitored for activity, physical condition, body weight, and tumor growth. Body weight and tumor size of each mouse were measured and recorded every other day until sacrifice. Before sacrifice, the animals were anaesthetized with an intraperitoneal injection of pentobarbital sodium (16 mg/mL, 0.1 mL/mice). The mass of the tumor was weighed and major organs were collected after sacrifice for further analysis. All of the data are reported as the means ± standard deviations (SDs).

Hematoxylin and Eosin (H&E) Assay {#sec2.10}
---------------------------------

The major organs were fixed in 4% paraformaldehyde at 4 °C overnight and embedded in paraffin for preparing 5 μm thick sections, followed by H&E (haematoxylin/eosin, Beyotime, China) study. Histology and morphology of major organs were observed under the Eclipse E800 microscope (Nikon, Japan). Images were randomly taken from 400× in each section.

Statistical Analysis {#sec2.11}
--------------------

Data were analyzed by one-way analysis of variance (ANOVA) statistical analysis with Sidak's multiple comparisons test (Graphpad Prism 5.01 software) to determine the differences between groups. A significant difference was judged by *P* \< 0.05.

Results and Discussion {#sec3}
======================

Physicochemical Characterizations {#sec3.1}
---------------------------------

The reaction between NaSi and NH~4~Br has been developed as a low-cost method to prepare ultra-small silicon nanoparticles (ca. 5.0 nm in diameter) in a high-boiling-point organic solvent.^[@ref28]^ NaBr, NH~3~, and H~2~ are the byproducts of the reaction. The ultra-small silicon nanoparticles were monodispersed in the organic solvent after the reaction. In the present study, we hypothesized that the small silicon nanoparticles would aggregate to form a mesoporous silicon matrix in a solid-phase reaction, in which the NaBr salt could act as the pore template while NH~3~ and H~2~ were evaporated. After the NaBr had been washed away, silicon microparticles with nanosized pores were obtained. The yield was 80--90%, which is substantially higher than that of ePSi prepared with the HF-etching method. Finally, the BPSi nanoparticles with a mean diameter of 156 nm were prepared with ball-milling ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The crystal structures of the prepared nanoparticles were characterized with XRD ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The diffraction peaks of both BPSi and ePSi were indexed as diamond-like (cubic) Si phase (JCPDS card no. 27-1402).^[@ref29]^ The crystallite size of BPSi nanoparticles is 17 nm, as calculated by the Debye--Scherrer equation. The insets of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a are photographs of BPSi and ePSi as aqueous dispersions (75 μg/mL): the BPSi dispersion appeared black, whereas the ePSi dispersion appeared yellow. The binding energies of Si 2p lines of BPSi were found at 99.5, 100.7, 101.5, 102.5, and 103.5 eV, corresponding to Si^0^, Si^1+^ (Si~2~O), Si^2+^ (SiO), Si^3+^ (Si~2~O~3~), and Si^4+^ (SiO~2~), respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).^[@ref30],[@ref31]^ There were approx. 54% of elemental Si and 46% of oxidized silicon (SiO*~x~*, 0 \< *x* ≤ 2) on the surface of the BPSi nanoparticles on the basis of the fitted relative areas of the peaks ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf)). The corresponding values for the ePSi nanoparticles were approx. 64 and 36% for elemental Si and oxidized silicon, respectively ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The data obtained from their Raman spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) confirmed these observations in XPS analyses. The broad peak shoulder between 400 and 500 cm^--1^ is attributed to amorphous SiO*~x~* (0 \< *x* ≤ 2).^[@ref24]^ The location of the Si peak in BPSi was blue-shifted to 516.1 cm^--1^ compared with 518.3 cm^--1^ of ePSi and 521.4 cm^--1^ of bulk silicon wafer ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information).

![Characterization of nanoparticles: (a) XRD patterns and photographs of the sample dispersions (inset) of ePSi and BPSi, (b) XPS spectra of BPSi, (c) Raman spectra of ePSi and BPSi, (d) UV--vis absorption spectra of BPSi dispersions with different concentrations (6.25, 12.5, 25.0, and 50.0 μg/mL). The inset is the normalized absorbance intensity (*A*) divided by the length (*L*) of the cuvette at 808 nm.](am-2018-04557f_0001){#fig1}

The BPSi nanoparticles display a broad absorption band in the NIR region ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d), which is similar to that of other PCAs such as graphene oxide.^[@ref21]^ The linear relation of absorption intensity over the characteristic length of the cuvette (*A*/*L*) at 808 nm is shown in the inset of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. The mass extinction coefficient (α) of BPSi obtained at 808 nm was 13.2 L/g/cm according to the Lambert--Beer Law. The coefficient is 5.5 times higher than that of ePSi ([Figure S3c](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The band gap of the BPSi nanoparticles was 1.34 eV according to the Kubelka--Munk model ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information).^[@ref32]^ The corresponding value of ePSi was 2.51 eV. The difference of the band gap is probably due to the presence of a low amount of Na impurity (0.6%) in BPSi according to the ICP-MS analysis. The band gap of 1.34 eV in BPSi corresponds to the wavelength of 925 nm, and therefore the light of shorter wavelengths such as 808 nm can be efficiently absorbed by BPSi nanoparticles through the excitation of electrons into the conduction band. On the contrary, the band gap of 2.51 eV in ePSi is equivalent to 494 nm, resulting in the low infrared absorption by ePSi.

The nitrogen adsorption/desorption isotherms of BPSi ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) were of the IV isotherm type with H1 hysteresis, indicating the presence of mesoporous structure in BPSi. The Brunauer--Emmett--Teller (BET) surface area of BPSi was 120 m^2^/g, the pore volume was 0.42 cm^3^/g, and porosity was 49% ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf)). The pore diameter was around 9.5 nm according to the Barrett--Joyner--Halenda (BJH) theory ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), which was consistent with the result in TEM images of BPSi microparticle slices ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The wormlike pore structure with the diameter in the range of 8.0--15.0 nm was observed. The BPSi nanoparticles had irregular morphology ([Figure S6a](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information), and the atomic lattice planes were clearly observed in the HR-TEM image ([Figure S6b](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The lattice fringe of 0.31 is consistent with the *d*-spacing value of the (111) plane of cubic silicon structure.^[@ref24]^ The crystallite size of the BPSi nanoparticles ranges from 10 to 20 nm, as shown in the HR-TEM image, which is in accordance with the calculation from the XRD measurement.

![(a) N~2~ adsorption and desorption isotherm and (b) pore diameter distribution of BPSi. The data from the desorption branch was used to analyze the pore diameter distribution according to the Barrett--Joyner--Halenda (BJH) theory.](am-2018-04557f_0004){#fig2}

The comparison of photothermal property of BPSi with other nanoparticles was conducted using an 808 nm NIR laser with the power of 1 W for 10 min. The temperature of the 50 μg/mL BPSi dispersion increased by 12.5 °C, which was 25 times higher than that of ePSi (0.48 °C) under identical experiment conditions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Moreover, the BPSi nanoparticles underwent a more efficient photothermal conversion than the selected photothermal conversion agents, including gold nanoparticles (diameter = 5 nm), single-wall carbon nanotube, and Fe~3~O~4~ (diameter = 10 nm). The photothermal heating performance of BPSi nanoparticles was compared with gold nanoparticles of different sizes. With the increase of the particle diameter, the heating performance of gold nanoparticles decreased ([Figure S7a](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The effect of BPSi particle concentration on the photothermal heating performance was studied. The temperature elevation of the BPSi dispersion increased with the increasing nanoparticle concentration ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The photostability of the BPSi nanoparticles was evaluated by repeating five cycles of heating (laser on)-cooling (laser off) process. There was no significant difference in the temperature elevation in the cycled tests, demonstrating the excellent photothermal stability of the BPSi nanoparticles ([Figure S7b](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The photothermal conversion efficiency (η) of the BPSi nanoparticles was approx. 33.6%, calculated according to the reported method ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf)).^[@ref33],[@ref34]^ This value is higher than the corresponding values for other widely used PCAs, like Au (nanoshells 13%, nanorods 21%),^[@ref35]^ Fe/Fe~3~O~4~ (20.3%),^[@ref36]^ black phosphorus quantum dots (24.8%),^[@ref20]^ and Bi~2~S~3~ (28.1%).^[@ref14]^ Nevertheless, there was around 5% decrease in the photothermal conversion efficiency due to the PEGylation ([Figure S7c](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The surface of the nanoparticles was partially oxidized to produce Si--OH groups that reacted with PEG-silane for the PEGylation. The oxidation of the surface compromised the heating performance a bit.

![Photothermal heating curves of sample dispersions under laser irradiation (808 nm): (a) different nanoparticles with the concentration of 50 μg/mL and (b) BPSi nanoparticles with different concentrations.](am-2018-04557f_0005){#fig3}

In Vitro Biological Studies {#sec3.2}
---------------------------

Surface PEGylation is commonly utilized to improve the biocompatibility of nanoparticles.^[@ref37]^ In the present study, dual-PEGs with different lengths of carbon chains were functionalized on the surface of BPSi nanoparticles. This dual-PEGylation method has been verified to successfully enhance the biocompatibility in vitro and in vivo in our previous study.^[@ref26]^ Around 12% w/w of PEGs was grafted onto the surface of the dual-PEGylated BPSi (DPEG-BPSi) nanoparticles ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The change of the ζ-potential from −18.5 to +2.8 mV also indicated that the surface dual-PEGylation was successful ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf)). The biological stability of the BPSi nanoparticles before and after PEGylation was examined in PBS (pH = 7.4) at 37 °C. The plain BPSi nanoparticles had poor stability in PBS, and their hydrodynamic diameter increased from 156 nm to the micrometer range in 1.0 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). In contrast, the colloidal stability of the nanoparticles was significantly enhanced because of the dual-PEGylation. The DPEG-BPSi was stable in PBS at 37 °C for over 24 h.

![(a) Colloidal stability of nanoparticles in PBS. (b) Biodegradation tests of the BPSi and DPEG-BPSi nanoparticles in PBS with pH 7.4 at 37 °C for different time periods. The DPEG-BPSi nanoparticles were heated with the laser for 10 min before the biodegradation tests to study the effect of laser heating. (c) Fluorescent confocal microscope image on the uptake of BPSi and DPEG-BPSi nanoparticles into CT 26 cells after the incubation of 10 min and 1.0 h. (d) Viability of the CT 26 cells after photothermal treatments with different concentrations of DPEG-BPSi nanoparticles. The number of the samples per group was four. (e) The relative number of live, apoptotic, late apoptotic, and necrotic CT 26 cells after a 10 min laser heating of the medium with 75 μg/mL DPEG-BPSi nanoparticles followed by 12 h of incubation in nanoparticle-free media. The control (Contr) and laser (Laser) samples do not contain nanoparticles. Statistical analysis was done by one-way ANOVA: *P* \< 0.0001 (\*\*\*\*), as compared with the control group.](am-2018-04557f_0002){#fig4}

The biodegradation product of PSi-based nanoparticles, orthosilicic acid (Si(OH)~4~), is the form of silicon predominantly absorbed by humans and is naturally found in numerous tissues.^[@ref38]^ The biodegradation of the BPSi and DPEG-BPSi nanoparticles was carried out in PBS by monitoring the Si concentration in the solution ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The increased half-life from 0.8 to 3.0 days due to the dual-PEGylation was consistent with the previous study.^[@ref26]^ Thus, the BPSi nanoparticles are biodegradable and their biodegradability is tunable with surface functionalization. On the other hand, the laser heating for 10 min did not significantly change the biodegradation rate of DPEG-BPSi nanoparticles ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Since most inorganic PCAs are prepared from Au, carbon-based graphene/nanotubes, transition-metal carbides, or sulfides, they do not degrade in biological fluids and their bio-resorption can take several weeks or even months.^[@ref39]^ Thus, the biodegradability is always an issue when applying these materials in nanomedicine.

The biocompatibility of the nanoparticles was evaluated with the CT 26 cancer cells ([Figure S9a](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The plain BPSi nanoparticles exhibited good biocompatibility with the CT 26 cells if their concentration was below 200 μg/mL. With the increase of their concentration over 500 μg/mL, cytotoxicity was expressed to some extent. However, surface PEGylation improved the biocompatibility of the nanoparticles. The DPEG-BPSi nanoparticles did not show any significant signs of cytotoxicity to the CT 26 cells even at a concentration of 1.0 mg/mL.

The time-dependent uptake of the nanoparticles into the CT 26 cells was studied with fluorescent confocal microscope ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [S9b](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). There was no significant uptake of the DPEG-BPSi nanoparticles before the 4.0 h incubation with the cells. Some DPEG-BPSi nanoparticles were gradually internalized at the time point of 24.0 h. Nevertheless, it is evident that the DPEG-BPSi nanoparticles had much less cellular uptake than that of the control BPSi nanoparticles without PEG coating.

Motivated by the excellent biocompatibility and photothermal properties of the nanoparticles, the efficacy in photothermal treatment (PTT) was tested in vitro with CT 26 cells ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). The PTT effect on the viability of CT 26 cells was observed to be dose dependent. When the laser was applied with the DPEG-BPSi dispersion of 75 μg/mL, most of the cells were killed. On the contrary, the laser heating without the nanoparticles did not cause any significant cell death. To further evaluate the cell death mechanism induced by the laser heating of 75 μg/mL nanoparticle dispersions, the cells were stained with apoptotic and necrotic dyes after the laser treatment. The results about photothermal cancer cell ablation from flow cytometry ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e and [S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information) are in agreement with those from CellTiter Glo shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. In addition to 16% of live cells, the cell death consisted of 1% apoptosis, 72% late apoptosis, and 11% necrosis. The cell necrosis increased from 5 to 11% in the group treated both with BPSi nanoparticles and laser irradiation, compared with the control groups with BPSi or laser only. According to the literature, the nanoparticles localized on the cell membrane were particularly effective to induce tumor cell necrosis under laser irradiation,^[@ref40]^ via making the membrane bleb and increasing membrane permeability. However, in the present study, the BPSi nanoparticles were mainly distributed in the extracellular environment during the laser irradiation. So the mechanism of cell necrosis is attributed to the hyperthermia itself, which can lead to both apoptosis at mild heating regimes and necrosis at higher temperatures,^[@ref41]^ indicated by the presence of caspases and membrane permeability (late apoptosis and necrosis in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e), respectively.

In Vivo Antitumor Tests {#sec3.3}
-----------------------

A tumor xenograft (CT 26 colon tumor) mouse model was used to evaluate the in vivo antitumor efficacy. The sample dispersions were administered as intratumoral injections. The nanoparticles with laser irradiation significantly delayed subcutaneous tumor growth, as demonstrated by the tumor volume evolution ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). In the absence of laser irradiation, the pure DPEG-BPSi nanoparticles did not show any antitumor activity. In the saline + laser treatment group, the temperature of tumor surface slightly increased from 37 to 40 °C. The tumor growth inhibition was also not obvious as compared to that in the control group. A significant inhibition of tumor growth was achieved when combining DPEG-BPSi nanoparticles with laser irradiation. Tumor volume growth in the mice groups treated with DPEG-BPSi-0.5 + laser and DPEG-BPSi-1.0 + laser was effectively suppressed for the first 8 days after the treatment. Even though there was tumor relapse after day 8 in the group with lower particle dose (DPEG-BPSi-0.5 + laser), the tumor growth in the group with higher particle dose (DPEG-BPSi-1.0 + laser) was continuously inhibited. At least 50% of tumors in the DPEG-BPSi-1.0 + laser treatment group were cured. This significant antitumor efficacy in both DPEG-BPSi NPs with laser treatment groups (*P* \< 0.0001, compared with control group) was also demonstrated by the tumor weight evolution ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). The degree of apoptosis was then evaluated by TUNEL assay in CT 26 tumors. Being consistent with our in vivo antitumor efficacy results, tumors from DPEG-BPSi with laser irradiation-treated groups exhibited apoptosis of different levels; especially with the higher dosage treatment group, the apoptosis signals (number of nuclei in brown color) were of the greatest percentage and present some necrotic areas ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). Also, we could found some apoptosis signals in control groups and other treatment groups without laser irradiation, which may be due to the large size of the tumors after 14 days resulting in the lack of sufficient nutrition sufficient.

![Antitumor effect of the DPEG-BPSi nanoparticles on nude mice bearing CT 26 tumors. (a) Values of tumor volume are expressed as mean ± SD (*n* = 5). (b) Dissected tumor tissues from the nude mice. (c) Photos of anaesthetized mice at day 14 after treatment. All tumor volume data at day 14 were analyzed by one-way ANOVA statistical analysis: *P* \< 0.05 (\*) and *P* \< 0.0001 (\*\*\*\*).](am-2018-04557f_0006){#fig5}

![Antitumor effect of DPEG-BPSi with/without laser on nude mice bearing CT 26 cells subcutaneously was studied. (a) Values of tumor weight are expressed as mean ± SD (*n* = 5). (b) TUNEL assay of tumor biopsies in control and all treatment groups with/without irradiation. All tumor volume data at day 14 were analyzed by one-way ANOVA statistical analysis: *P* \< 0.0001 (\*\*\*\*).](am-2018-04557f_0003){#fig6}

Furthermore, changes in the animals' body weights were also investigated to evaluate the systemic toxicity of the treatments ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf), Supporting Information). The statistical significance was determined with multiple *t* test using the Holm--Sidak method. In comparison to the control groups, there was no statistically significant change in the body weight (*P* \> 0.05) within the treatment groups after 2 weeks, indicating no toxicity of nanoparticles with the applied dosage regimen. In addition, when compared with the control group, the nanoparticle-treated mice showed no significant organ lesions in H&E images ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf)), indicating that the DPEG-BPSi nanoparticles have a good biocompatibility for cancer treatments.

Conclusions {#sec4}
===========

A scalable and high-yield method was developed to produce black mesoporous silicon nanoparticles with an exceptional ability to absorb infrared light and convert it into heat. The material was exploited for photothermal therapy of cancer in vivo with good success. The nanoparticles had a large mass extinction coefficient (13.2 L/g/cm) and a high photothermal conversion efficiency (33.4%). Their photothermal performance was comparable to, or even better than, that of the state-of-the-art materials like gold and carbon nanomaterials. Moreover, the developed black mesoporous silicon nanoparticles showed excellent biocompatibility and tunable biodegradability, thus facilitating their utilization in biomedical applications. The high surface area and mesoporous structure of the nanoparticles together with their inherent ability to absorb efficiently infrared radiation mean that the nanoparticles are an attractive platform for integration with different treatment modalities like synergistic chemotherapy/photothermal therapy and photothermal therapy/immunotherapy.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.8b04557](http://pubs.acs.org/doi/abs/10.1021/acsami.8b04557).Temperature-controlled laser heating setup for in vitro cell tests, particle diameter distribution, calculation of porosity, XPS analysis of ePSi, Raman spectrum of bulk silicon wafer, UV--vis spectra of ePSi, different silicon species in XPS analysis, sample information in photothermal heating tests, the optical band gap calculation, TEM images, comparison of BPSi with gold nanoparticles in laser heating, photostability tests, effect of PEG coating on the heating performance of BPSi, calculation of photothermal conversion efficiency, thermogravimetric curves, ζ-potential, cell viability of CT 26 cells, two-dimensional plots of flow cytometry, body weight changes of mice, H&E images ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04557/suppl_file/am8b04557_si_001.pdf))
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